The short-lived radionuclide 10 Be (t 1/2 = 1.4 Myr) present in the Early Solar System (ESS) provides important information about the astrophysical environment in which the solar system formed. However, the origin of 10 Be in the ESS remains controversial. To reveal its origin, it is important to determine precise and accurate 10 Be abundances in meteoritic components. The initial 10 Be/ 9 Be ratio can be estimated using ion microprobe analysis and a 10 B/ 11 B-9 Be/ 11 B correlation. The relative sensitivities for Be and B must be determined to obtain 9 Be/ 11 B ratios of unknowns. Here, we report Be/B relative sensitivities for synthetic melilitic glasses and silica-rich NIST SRM 610 glass measured with a NanoSIMS ion microprobe. The Be/B relative sensitivities for melilitic glasses are identical to that of the NIST 610 glass within uncertainties, which suggests that the matrix effects, at least between the NIST 610 glass and melilite, are not significant with respect to Be-B measurements. The present results confirm that the observed variations in the 10 Be/ 9 Be ratios for CV calcium-aluminum-rich inclusions (CAIs) are real and the origin of 10 Be must be attributed to irradiation by the active early sun. It is also inferred that the 10 Be/ 9 Be ratios of fractionation and unidentified nuclear effect (FUN) CV CAIs are not significantly lower than those for normal (non-FUN) CV CAIs, suggesting similar formation conditions.
rays (GCRs) in the collapsing cloud core (Desch et al., 2004) , solar cosmic ray irradiation (e.g., McKeegan et al., 2000) , and stellar processes with neutrino reactions in a relatively low-mass supernova (Banerjee et al., 2016) . Varying initial 10 Be abundances in CAIs indicate heterogeneous production and/or distribution of 10 Be in the ESS, preferring local production of 10 Be near the protosun. Most of the Be-B measurements using secondary ion mass spectrometry (SIMS) have been performed on melilite (solid solution between gehlenite, Ca 2 Al 2 SiO 7 , and åkermanite, Ca 2 MgSi 2 O 7 ) in CAIs into which Be preferentially partitions (Lauretta and Lodders, 1997) . With respect to SIMS measurements, the 9 Be + / 11 B + relative sensitivity factor [RSF: defined by ( 9 Be + / 11 B + ) SIMS /( 9 Be/ 11 B) TRUE ] of melilite is necessary to calculate the Be/B ratios using 10 B/ 11 B vs. 9 Be/ 11 B (isochron) diagrams. In previous studies, the RSF for melilite has been assumed to be the same as that of silica-rich glasses such as the NIST SRM 610 glass (e.g., MacPherson et al., 2003) . However, the chemical composition of these standards is considerably different from that of melilite and the abovementioned assumption might therefore be invalid. Thus, previously reported initial 10 Be/ 9 Be ratios may include serious systematic errors. For example, a significant dif-
INTRODUCTION
Beryllium-10, which decays to 10 B with a half-life of 1.4 Myr (Korschinek et al., 2010) , cannot be produced by thermonuclear reactions in stars but by spallation reactions induced by galactic and/or stellar cosmic rays (e.g., McKeegan et al., 2000; Desch et al., 2004) . Previous Be-B measurements on calcium-aluminum-rich inclusions (CAIs), which are believed to be the earliest solids in the Early Solar System (ESS; Amelin et al., 2010) , have demonstrated that this short-lived radionuclide was present in the ESS with initial 10 Be/ 9 Be ratios ranging from 1.3 ¥ 10 -4 to 1.0 ¥ 10 -2 (McKeegan et al., 2000; Sugiura et al., 2001; MacPherson et al., 2003; Chaussidon et al., 2006; Liu et al., 2010; Wielandt et al., 2012; Srinivasan and Chaussidon, 2013; Gounelle et al., 2013; Dunham et al., 2016 Dunham et al., , 2017 Liu et al., 2017; Sossi et al., 2017) Jochum et al. (2005) . *
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Major element concentrations from Jochum et al. (2011) .
Major elements, Be, and B concentrations from Jochum et al. (2011 ference in the Mn/Cr RSF was observed between silicates and carbonates, which resulted in significant errors in the Mn-Cr ages for carbonates (Sugiura et al., 2010; Fujiya et al., 2012; Steele et al., 2017) . Preliminary results for Be/B RSFs for three melilitic glasses were presented by Fukuda et al. (2016) . Note that the reported Be/B RSFs in Fukuda et al. (2016) are not absolute values because we did not check relative sensitivities between each electron multiplier (EM) during the analysis. In the present study, we conducted more refined measurements on five newly synthesized melilitic glasses using a NanoSIMS (for Be + /B + intensity ratios) and a laser ablation-inductively coupled plasma-mass spectrometer (LA-ICP-MS; for Be/B elemental ratios). We report the revised RSFs, which are essential for the determination of accurate initial abundances of 10 Be and to discuss its origin in the ESS.
EXPERIMENTAL
We synthesized five glasses with approximate melilitic compositions and åkermanite numbers (Åk#s; see Table  1 for the definition) ranging from 24 to 63 that were doped with trace amounts of Be and B with varying Be/B ratios ( Table 1 ). The glasses were prepared by melting mixtures of oxide powders. The starting materials were wrapped in Pt-foil, heated, melted with a blowtorch, and quenched by dropping them into Milli-Q water. The synthesized glasses (~500 ¥ 500 mm 2 ) were embedded in epoxy together with a NIST SRM 610 glass standard and then polished. The sample mount was cleaned with Mill-Q water and ethanol to remove surface contamination. The sample was coated with carbon after drying to prevent surface charge during subsequent electron microprobe and SIMS analyses.
The major element concentrations of the synthetic glasses were determined with a JXA-8530F field-emission gun electron microprobe installed at the University of Tokyo using a 15 kV accelerating voltage, 12 nA beam current, ~1 mm focused beam, and wavelength-dispersive X-ray spectroscopy (WDS). Matrix effects were corrected using the ZAF method. The concentrations of major elements in the synthesized glasses are listed in Table 1 . The approximate Åk#s and Be and B concentrations measured with LA-ICP-MS are also shown.
The ion intensities of Be and B were determined with a NanoSIMS 50 ion probe at the Atmosphere and Ocean Research Institute (AORI) of the University of Tokyo. The NanoSIMS measurements were performed in multicollection mode. A 16 O -primary ion beam (~1 nA intensity and ~5 mm in diameter) was rastered over 10 ¥ 10 mm 2 areas (32 ¥ 32 pixels with a dwell time of 200 ms/ pixel) to stabilize the secondary ion intensities. To remove the carbon coating and surface contamination before each analysis, a ~1 nA primary ion beam was rastered over 10 ¥ 10 mm 2 areas for ~10 min. Secondary ions of 9 Be + , 10 B + , 11 B + , and 30 Si + were then detected simultaneously with secondary electron multipliers (EMs). The measurements were performed with a mass resolving power (MPR) of 1500 at a peak height of 1%. The intensities of 9 Be + , 11 B + , and 30 Si + were (2.1-3.8) ¥ 10 4 cps, (0.3-6.0) ¥ 10 3 cps, and (0.1-1.7) ¥ 10 5 cps, respectively. An electronic beam blanking mode was applied such that only signals from the central 24 ¥ 24 pixel area were collected. This blanking helped to avoid contributions from scattered ions from the surroundings. The relative sensitivities between the EMs used for the Be and B measurements were checked after the measurement and corrected to calculate RSFs. The dead time (~44 ns) of the counting system was also corrected. The EM background (much lower than ~0.05 cps) was not corrected because it was negligible compared with the count rates of 9 Be and 11 B for the samples. Measurements on synthetic melilitic glasses were conducted only near the center of the individual glasses.
After the NanoSIMS analyses, the Be and B concen- trations near NanoSIMS analysis spots on the same glasses were determined using a LA-ICP-MS. Laser ablation was performed with an in-house laser ablation system (Cyber Probe) combined with a titanium-sapphire (Ti:S) femtosecond laser (IFRIT, Cyber Laser, Japan) and galvano metric fast scanning laser system (Yokoyama et al., 2011; Makino et al., 2017 Table S1 .
RESULTS
The Be and B concentrations in the melilitic glasses obtained from LA-ICP-MS analyses are listed in Table 1 . To verify the accuracy of the Be and B concentrations in the melilitic glasses, we also measured NIST 612 and BCR-2G glasses as secondary standards under the same analytical conditions. The Be and B concentrations of the NIST 612 and BCR-2G glasses are consistent with literature values (Jochum et al., 2011; Jacob, 2006) , which justifies the current LA-ICP-MS analysis (see Table 1 ). The 9 Be/ 11 B atomic ratios (calculated from the Be and B concentrations in Table 1) , 9 Be + / 11 B + ion intensity ratios measured with the NanoSIMS, and corresponding Be/ B RSFs calculated for individual glasses are listed in Table 2. Figure 1 shows the 9 Be + / 11 B + intensity ratios as a function of atomic 9 Be/ 11 B ratios. The 9 Be + / 11 B + intensity ratios and atomic 9 Be/ 11 B ratios of the synthesized glasses correlate well. The RSFs calculated for individual glasses are identical within uncertainties (2.47 ± 0.21 to 2.82 ± 0.43). Note that five glasses have different chemical compositions, with Åk# ranging from 24 to 63. The obtained RSFs are independent of the åkermanite numbers. Therefore, we used the weighted mean of the five datapoints and obtained the RSF of 2.55 ± 0.11 (2s). We also determined the Be/B RSF for NIST SRM 610 under the same analytical conditions. The RSF shows a small day-to-day variation from 2.44 ± 0.12 (2 standard deviations, SD) to 2.68 ± 0.05 (2 SD), but the RSF of our melilitic glasses obtained during the analytical period is 2.44 ± 0.12 (2 SD). The present results demonstrate that the Be/B RSF of the synthetic melilitic glasses is identical to that of NIST SRM 610, within uncertainties.
We also determined the RSFs of 9 Be/ 30 Si and 11 B/ 30 Si for melilitic glasses and NIST 610. The Be/Si and B/Si RSFs obtained for melilitic glasses are slightly higher than or almost comparable to those of the NIST 610 glass. These observations suggest matrix effects between melilitic glasses and NIST 610 glass, at least for some elements. Therefore, it may be fortuitous that the Be/B RSF does not show noticeable matrix effects between melilitic glasses and NIST 610 glass. Detailed information is reported in Supplementary Materials (Table S2 and Fig. S1 ).
DISCUSSION
The present results demonstrate that matrix effects do not significantly affect the relative ionization efficiencies of Be and B of the melilitic glasses and NIST 610 glass standard. Hence, the NIST 610 (and 612) glass can be used as a proper standard for accurate Be-B SIMS measurements on melilite in CAIs. Below, we will compare Be-B data previously reported for CV CAIs that were obtained using different standards. If necessary, we will apply appropriate corrections based on the present results. MacPherson et al. (2003) and Dunham et al. (2016 Dunham et al. ( , 2017 used the NIST (NBS) 610 and 612 standards to determine the Be/B RSF and reported initial 10 Be/ 9 Be ratios of CV CAIs including a few fractionation and unidentified nuclear effect (FUN) CAIs. The initial 10 Be/ 9 Be ratios vary from 1.3 ¥ 10 -4 to 11.6 ¥ 10 -4 for normal (i.e., non-FUN) CAIs and 3.0 ± 1.2 ¥ 10 -4 (MacPherson et al., 2003) or <5.8 ¥ 10 -4 (Dunham et al., 2017) for FUN CAIs. No corrections are needed for these data. Sugiura et al. (2001) and Wielandt et al. (2012) conducted Be-B measurements on the same CAIs (E38 and E48) from Efremovka. However, the 10 Be/ 9 Be ratios reported by Sugiura et al. (2001; 6 .1 ± 1.2 ¥ 10 -4 and 8.1 ± 3.1 ¥ 10 -4 , respectively) are higher than those reported by Wielandt et al. (2012; 4 .43 ± 0.61 ¥ 10 -4 and 4.82 ± 0.25 ¥ 10 -4 , respectively). Wielandt et al. (2012) determined a Be/B RSF of ~2.6 using the NIST SRM glass 612 (SiO 2 = 71.8 wt%; Jochum et al., 2011) and ~1.78 using GSC-1G and GSD-1G glasses (SiO 2 = 52.5 wt% and 53.0 wt%, respectively; Jochum et al., 2005) . The former is in good agreement with our RSFs for NIST glass 610 and melilitic glasses, but the latter is 30% lower than the RSF for our melilitic glasses. Wielandt et al. (2012) adopted the latter RSF, but the present results suggest that the former RSF may be appropriate for accurate Be-B measurements on melilites in CAIs. If we use 2.6 instead of 1.78 as the Be/B RSF, the revised values (6.3 ± 0.9 ¥
Fig. 2. Compilation of the reported initial
10 Be/ 9 Be ratios of CV normal and fractionation and unidentified nuclear effect (FUN) CAIs (filled circles: McKeegan et al., 2000; Sugiura et al., 2001; MacPherson et al., 2003; Chaussidon et al., 2006; Srinivasan and Chaussidon, 2013; Dunham et al., 2016 Dunham et al., , 2017 open squares: Wielandt et al., 2012) . The revised initial 10 Be/ 9 Be ratios (filled squares) are also plotted based on the RSF of the NIST 612 reported by Wielandt et al. (2012; see text) . The error bars represent 2s.
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-4 and 7.0 ± 0.4 ¥ 10 -4 , respectively) are consistent with those obtained by Sugiura et al. (2001) , within uncertainties.
Note that the Be/B RSFs for NIST 610 and 612 determined by three different instruments are similar to each other, i.e., ~2.6 (IMS-1280; Wielandt et al., 2012), ~2.5 (IMS-6f; MacPherson et al., 2003) , and ~2.44 (NanoSIMS; this study). This suggests that the relative sensitivities of Be and B do not depend much on the ion optics of the instruments but are more intrinsic to sputtering and ionization processes. In fact, Ito and Messenger (2016) also reported similar RSFs for rare earth elements determined by different instruments (IMS-3f, IMS4f, and NanoSIMS). Sugiura et al. (2001) determined a Be/B RSF of 2.67 ± 0.09 for a suite of geological standards with varying SiO 2 contents (51.0-72.3 wt%; Imai et al., 1995) . Although Sugiura et al. (2001) did not measure the RSF of NIST glasses, a similar RSF was obtained for the NIST 610 and 612 glasses using the same instrument (IMS-6f; MacPherson et al., 2003) . Hence, the 10 Be/ 9 Be ratios reported in Sugiura et al. (2001) may not need corrections. Note that our melilitic glasses and NIST 610 measured in this study also have varying SiO 2 contents (28.2-41.3 wt% and 69.4 wt%, respectively). This suggests that the Be/B RSF is rather insensitive to the SiO 2 content.
McKeegan et al. (2000) and Chaussidon et al. (2006) used a synthetic GB4 glass standard (SiO 2 = 72.9 wt%; Gurenko et al., 2005) and measured Be-B isotopes in CV CAIs with an IMS-1270 ion microprobe. The Be/B RSF measured by Chaussidon et al. (2006) varies from 2.51 to 2.88 (with an average of 2.73), which overlaps with that of NIST glass standards determined by three different instruments, as described above. Therefore, these data may not need corrections. Recently, Sossi et al. (2017) also used the GB4 standard for the Be-B analysis of CV CAIs. However, their Be/B RSF (~3.17) is significantly higher than that of GB4 determined by Chaussidon et al. (2006) or that of silica-rich NIST glasses obtained by other researchers (see above). The cause for this difference is uncertain but may be attributed to different analytical conditions. In this case, we cannot make proper corrections.
Figure 2 summarizes initial 10 Be/ 9 Be ratios previously reported for CV normal and FUN CAIs (filled symbols). The original data of Wielandt et al. (2012) are shown as open symbols and the corrected data, assuming a Be/B RSF of 2.6, are displayed as filled symbols. Note that the data for FUN CAIs were relatively low (2.8 ¥ 10 -4 to 3.4 ¥ 10 -4 ; Wielandt et al., 2012) before correction. However, they are much higher after correction (4.0 ¥ 10 -4 to 4.9 ¥ 10 -4 ). Based on the original data, Wielandt et al. (2012) and Tatischeff et al. (2014) suggested that the 10 Be/ 9 Be ratios recorded on FUN CAIs represent the baseline level present in the protosolar molecular cloud. However, the corrected 10 Be/ 9 Be ratios of FUN CAIs are higher than that of the baseline level of the molecular cloud (~1.3 ¥ 10 -4 to 3.4 ¥ 10 -4 ; Tatischeff et al., 2014) and within the range of normal CV CAIs (see Fig. 2 ). Furthermore, Dunham et al. (2017) recently reported a very low 10 Be/ 9 Be ratio of 1.27 ± 0.50 ¥ 10 -4 for a normal CV CAI (B4), that is, much lower than the corrected 10 Be/ 9 Be ratios of CV FUN CAIs. These observations indicate that the initial 10 Be/ 9 Be ratios of CV FUN CAIs cannot be explained by a baseline level of 10 Be abundances in the protosolar molecular cloud.
Previous studies indicated a large variation in the 10 Be/ 9 Be ratios of CV CAIs, from 1.3 to 11.6 ¥ 10 -4 (McKeegan et al., 2000; Sugiura et al., 2001; MacPherson et al., 2003; Chaussidon et al., 2006; Wielandt et al., 2012; Srinivasan and Chaussidon, 2013; Dunham et al., 2016 Dunham et al., , 2017 . The present results confirm that most of the previous data may not need corrections. Hence, the variation in the 10 Be/ 9 Be ratios of CV CAIs is real. Note that the data for other types of refractory inclusions, such as hibonite and grossite inclusions, also show a large variation in the 10 Be/ 9 Be ratios, from 5.3 ¥ 10 -4 to 100 ¥ 10 -4 (Liu et al., 2010; Gounelle et al., 2013) . These data, however, must be reevaluated because the Be/B RSFs for hibonite and grossite may, in principle, not be identical to those of melilite or NIST standard glasses, especially considering that hibonite and grossite are non-silicate minerals. The observed variation in the 10 Be/ 9 Be ratios suggests the local production of 10 Be, which is consistent with the production of 10 Be by solar cosmic ray irradiation (e.g., McKeegan et al., 2000) .
CONCLUSIONS
In this study, we synthetized five melilitic glasses and investigated the Be/B RSFs of these glasses using a NanoSIMS 50 and LA-ICP-MS. We found that the Be/B RSFs of melilitic glasses (1) are independent of the Åk#; (2) identical to that for NIST 610 silica-rich glass, within uncertainties; and (3) after proper correction of previous data based on the present results, the revised 10 Be/ 9 Be ratios of CV FUN CAIs are higher and well within the range of 10 Be/ 9 Be ratios of CV normal CAIs. Hence, the 10 Be/ 9 Be ratios of CV FUN CAIs may not represent a baseline level of 10 Be abundances in the protosolar molecular cloud, suggesting similar formation processes of both FUN and normal (non-FUN) CAIs, possibly due to solar cosmic ray irradiation.
